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STUDY OF THE A U D I B I L I T Y  OF I M P U L S I V E   S O U N D S  

b y  Sanford  Fidel1  and 
Karl S. Pearsons 

Bolt  Beranek  and  Newman  Inc. 

SUMMARY 

Six  experiments  were  performed in an anechoic  chamber 
to  investigate  the  effects  of  various  physical  parameters 
on the  perceived  noisiness of impulsive  signals.  The  para- 
meters  investigated  included  phase,  duration,  intersignal 
interval,  repetition,  and  frequency. A l l  data  were  collected 
by  a  computer  based  adaptive  psychophysical  procedure  called 
- Parameter .- Estimation  by - Sequential  Testing I (PEST). 

The major  conclusions  were  as f o l l o w s :  

The  phase  spectrum of an impulsive  signal  is 
irrelevant to its  perceived  noisiness. 

The  ear's  sensitivity to noisiness  of  impulsive 
signals  resembles an energy  sumxation  process. 
No specific  time  constant of integration  was 
found . 
The  common  correction  contours  (such  as A L ,  NL, 
and  PNL)  may  undercorrect in  the low frequency 
regions,  and  thus  should  be  applied  with  caution 
to  impulsive  signals  with  appreciable low fre- 
quency  content (for example,  sonic booms). 



INTRODUCTION 

Impu l s ive   no i se s  are a s s u m i n g   i n c r e a s i n g   s i g n i f i c a n c e  
as i r r i t a n t s   i n   c o n t e m p o r a r y  l i f e .  One i m p u l s e   n o i s e   i n  
p a r t i c u l a r ,  the s o n i c  boom, t h r e a t e n s   t o  become a major  
s o u r c e  of n o i s e   p o l l u t i o n   i n  a r e l a t i v e l y  shoGt time. Nost 
e f f o r t s  a t  n o i s e   a b a t e m e n t   h a v e   h i t h e r t o   b e e n   d i r e c t e d   t o  
t h e  more p r e v a l e n t   s t e a d y  s t a t e  n o i s e s ;  1. .e . ,  t h o s e  of 
d u r a t i o n s   s u f f i c i e n t l y  great t h a t  cont inuous  measurements  
p r o v i d e   a c c u r a t e   a n d  repeataSle estimates o f   l e v e l s .   S t a n -  
da rd ized   p rocedures  f o r  such steady s t a t e  measurements  have 
been  developed  over  t h e  years. Research p rograms   t o   r educe  
steady s t a t e  n o i s e s  such  as those   p roduced  by  m o t o r   v e h i c l e s ,  
i n d u s t r i a l   m a c h i n e r y ,   a i r c r a f t ,   e t c . ,   h a v e   b e e n   u n d e r t a k e n  
on t h e  basis of in fo rma t ion   p rov ided  by t h e s e   p h y s i c a l  
measurements. 

S ince   phys ica l   measurement  i s  v i t a l   f o r   n o i s e   r e d u c t i o n  
programs, i t  I s  necessa ry   t o   deve lop   measu remen t   t echn iques  
a p p r o p r i a t e   t o  the t r a n s i e n t   c h a r a c t e r   o f   i m p u l s i v e   s i g n a l s  
b e f o r e  t h e  cha rac t e r   and   magn i tude  of i m p u l s i v e   n o i s e   p o l l u t i o n  
problems may be assessed. Fundamental t o  the development 
of  such   t echn iques  i s  a c l e a r   t h e o r e t i c a l   u n d e r s t a n d i n g   o f  
human re sponse  t o  t r a n s i e n t   s i g n a l s .  Fo r  example, i t  is  es- 
s e n t i a l   t o   u n d e r s t a n d  the  r e l a t i o n s h i p s   b e t w e e n  the p h y s i c a l  
parameters o f   t r m s i e n t   s i g n a l s   a n d  t h e i r  e f f e c t s  on sub- 
j ec t ive   j udgmen t s  of annoyance. Some parzmeters may have 
no measurable i n f l u e n c e  on t h e  p e r c e i v e d   n o i s i n e s s   o f   a n  
i m p u l s i v e   s i g n a l ,  while o t h e r s  may i n  large p a r t   d e t e r m i n e  
t h e  n o i s i n e s s  o f  t h e  s i g n a l .  

A c c o r d i n g l y ,   f i v e   e x p e r i n e n t s  were p e r f o r m e d   t o  assess 
t he  e f f e c t s   o f   v a r i o u s   p h y s i c a l  parameters o n   t h e   p e r c e i v e d  
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n o i s i n e s s  of  impu l s ive   sounds .  A s i x t h   s t u d y  was conducted 
t o   e v a l u a t e  the  g e n e r a l i t y   o f  the conc lus ions   r eached   f rom 
the f i r s t  f i v e   s t u d i e s .   E x p e r i m e n t s   o n e   t h r o u g h   f i v e   c o n c e r n e d  
t h e  e f f e c t s  on p e r c e i v e d   n o i s i n e s s  o f  1) phase, 2 )  d u r a t i o n ,  
3)  the in t e rva l .   be tween   two   i den t i ca l   impu l ses ,  4 )  r e p e t i t i o n  
o f   i d e n t i c a l   i m p u l s e s ,   a n d  5 )  t he  i n t e r a c t i o n   b e t w e e n   i m p u l s e  
d u r a t i o n   a n d   f r e q u e n c y .  The f i n a l   e x p e r i m e n t   d e t e r m i n e d  the 
comparat ive  annoyance of  b o t h   n a t u r a l l y   o c c u r r i n g   a n d   s y n t h e -  
t i c   i m p u l s i v e   s i q n a l s .  Detailed d e s c r i p t i o n s  o f  goa ls   and  
p rocedures   o f  the expe r imen t s  may be f o u n d   i n  t h e  Purpose 
and  nlethod  Section. The Resul t s   and   Discuss ion   Sec t ion   con-  
t a i n s  t h e  f i n d i n q s   o f  the v a r i o u s   e x p e r i m e n t s   a n d   i n t e r p r e -  
t a t i o n s   o f  them. 
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LITERATURE REVIEW 

One f u n d a m e n t a l   d i f f i c u l t y   e n c o u n t e r e d   i n   a p p l y i n g  
measurements   der ived  f rom  s tead.y s t a t e  n o i s e s  t o  t r a n s i e n t  
n o i s e s  i s  t h a t  t h e  usua l   un i t   o f   measu remen t  i s  power, o r  
energy  pe r  u n i t  time. It i s  i m p l i c i t l y  assumed i n  measure- 
ment of steady s t a t e  n o i s e s  t h a t  t h e  d u r a t i o n  of t he  s i g n a l  
has no s u b s t a n t i a l  e f f e c t  upon i t s  power. A p r imary   char -  
a c t e r i s t i c   o f   i m p u l s e   n o i s e s   h o w e v e r ,  i s  t h a t  t h e y  a re  o f  
s u f f i c i e n t l y  s h o r t  d u r a t i o n  t h a t  t h e  d u r a t i o n   o f  t h e  measure- 
ment   procedure has c o n s i d e r a b l e   i n f l u e n c e   o n  t h e  adequacy 
of the measurement. T h u s ,  even t h e  p r e d i c t i o n   o f  t he  p e r -  
c e i v e d   m a g n i t u d e   o f   a n   i m p u l s i v e   s i g n a l ' i s   n o t  a t r i v i a l  
matter.  

One of  t h e  easiest  and   mos t   s t r a igh t fo rward  ways t o  
account  f o r  t h e  apparent   magni tude  of  an impulsive  sound 
i s  t o  assume tha t  t h e  ear  i n t e y r a t e s  t h e  a c o u s t i c  power of  
an   impulse   over  a f i n i t e   d u r a t i o n .  T h i s  p e r i o d   o f   i n t e g r a -  
t i o n  i s  c a l l e d  the  time c o n s t a n t   o f  t h e  ea r .  To f i n d  t h e  
apparent   magni tude   o f   an   impulse ,   one   ca lcu la tes  t h e  a c o u s t i c  
energy  o f  t h e  imnu.lse,  f i n d s  t h e  e f f e c t i v e   s o u n d   p r e s s u r e  
l e v e l  by d i v i d i n g  t h i s  enerp,y b y  t h e  d u r a t i o n   o f  t h e  time 
cons tan t ,   and   p roceeds  as thourrh t h e  sound were s t e a d y  
s t a t e .  

I n   e f f e c t ,  t h e  assumpt ion   of  a f i n i t e   p e r i o d .  of i n t e -  
g r a t i o n   a l l o w s   o n e   t o  t r e a t  b o t h   i m p u l s i v e   a n d   s t e a d y - s t a t e  
s o u n d s   w i t h i n  t he  same framework. Thus ,  i t  i s  p o s s i b l e  t o  
apply  all of the  information  on  sone  and  noy  contours  t o  
the  c a l c u l a t i o n   o f  t h e  apparent   ma.?ni tude  of   impulsive 
sounds.   Obviously t he  mapnitude  of  t h e  ea r ' s  time c o n s t a n t  
i s  the  c r u c i a l   q u a n t i t y   i n  t h i s  approach .  
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" One of  t h e  f i r s t  t o   i n v e s t i g a t e  t he  time c o n s t a n t   o f  

the ear was von  Bekesy ( R e f  .1). By v a r y i n g  the  d u r a t i o n  
Of a n  0 .800  kHz s i n u s o i d ,  he conc luded   t ha t   abou t  180 
msec was n e e d e d   f o r  i t  t o   r e a c h  i t s  maximum loudness .  
?funson ( R e f . 2 )  used f r e q u e n c i e s   o f  0.125, 1 . 0 0 0 ,  and 5.650 
kHz and estimated the  time c o n s t a n t  to be about  250 mse6. 
Miller (Ref.  3) used   broadband  no ise   and  estimated the  time 
c o n s t a n t   t o  be about  6 5  msec a t  t he  hiqher  s e n s a t i o n  
l e v e l s .  Small, Brandt   and Cox ( R e f . 4 )  performed a similar 
e x p e r i m e n t   b u t   f o u n d   c o n s i s t e n t l y  smaller v a l u e s .  A t  h i F h  
l e v e l s  t h e  time c o n s t a n t  estimated. by Small e t  a l .  appears 
t o  be  i n  t h e  ran,qre 1 0  t o  20 msec. 

1 1  

Iron P o r t  (Ref . 5 )  i n v e s t i g a t e d  a v a r i e t y   o f  br ief  
impu l s ive   sounds .  Most were sated n o i s e s   o f   d i f f e r e n t   b a n d -  
w i d t h s ,  c e n t e r   f r e q u e n c i e s ,   a n d   l e v e l s .  He estimated t h a t  
70 msec was a r e a s o n a b l e   v a l u e   o f  t h e  time c o n s t a n t   f o r  a 
v a r i e t y  of s t i m u l i .  Von Niese (Ref .6)  has summarized a 
number of   s tud. ies   f rom t h e  D r e s d e n   l a b o r a t o r i e s .  H e  con- 
c l u d e s  t h a t  25 msec i s  a good  average  value  and argues t h a t  
t h i s  es t imate  agrees n i c e l y  w i t h  the r e v e r b e r a t i o n  time 
estimates. Von Zwicker ( R e f . 7  and 8 )  takes issue w i t h  the  
conc lus ions   o f  t h e  Dresden q roup  a n d   p r e s e n t s  more data  
from t h e  S t u t t g a r t   l a b o r a t o r y   c o n s i s t e n t  w i t h  t he  longer 
est imate ,  approximate ly  100 msec.   Stevens  and Hall (Ref .9 )  
u s i n p  a magni tude   es t imat ion   technique ,   measured  t h e  time 
c o n s t a n t  a t  abou t  150 msec. 

As may b e  s e e n ,  there  is remarkably l i t t l e  agreement 
about  t h e  mapnitude o f  t h e  e a r ' s  time c o n s t a n t .  There are 
a t  least  two r e a s o n s   f o r  t h e  l a c k  o f  agreement .  F i r s t ,  t h e  
judgments a re  e x t r e m e l y   d i f f i c u l t  for a n   o b s e r v e r   t o  make. 
P r a c t i c a l l y   e v e r y   i n v e s t i : < a t o r   o f   i m p u l s i v e  sounds has 
commented  on t h i s  a s p e c t  of t h e  p rob lem.   Fu r the r ,   because  

5 

.. . 



t h e   t a s k  _. i s  d i f f i c u l t ,   g r e a t   v a r i a t i o n  among judgments of  
d i f f e r e n t   s u b j e c t s  i s  found.   Garner  (Ref .10)  f o r   e x a m p l e ,  
p u b l i s h e d  a complete data for sfx s u b j e c t s .  Three o f   h i s  
obse rve r s  show complete  energy  summation up t o  300 msec. 
The o t h e r   t h r e e   g i v e   l o u d n e s s   j u d g m e n t s  t h a t  are n e a r l y   i n -  
dependent o f  t h e   s i g n a l   d u r a t i o n .   F o r  t h e  impulses   o f  10  

msec d u r a t i o n   u s e d  by  Garner, t he  d i f f e r e n c e   i n  t h e  judgment 
of these  two  groups i s  about  1 0  dB. Von R e i c h a r d t ,  von 
Niese, and Nuller  (Ref.11) show a d i s t r i b u t i o n   o f   j u d g m e n t s  
f o r   f o r t y   s u b j e c t s ,  The d i s t r i b u t i o n   o f   j u d g m e n t s  i s  e s sen -  
t i a l l y   n o r m a l   b u t   r a n g e s   o v e r  more t h a n  20 dB.  Regre t tab ly ,  
t h i s  same v a r i a b i l i t y  among o b s e r v e r s  was f o u n d   i n  some of 
t h e  c u r r e n t   e x p e r i m e n t s .  I n  one  experiment  ( t h e  R e p e t i t i o n  
expe r imen t ) ,  two o b s e r v e r s  d i f f e r e d  I n  t h e i r  judgments by 

abou t  25 dB. 

t i  

Secondly,  t h e r e  I s  f a i r l y  s t r o n g   e v i d e n c e  t h a t  judgments 
o f  "annoyance ' ;   and/or   ' snois inessiE are somewhat d i f f e r e n t  
f rom  judgments   about   " loudness"   of   impulsive  sounds  (von 
Zwicker ,   Ref .8) .  T h i s  d i f f e r e n c e   a p p e a r s  t o  be p a r t i c u l a r l y  
impor t an t  when t h e  judgments   a re  made of r e p e t i t i v e   i m p u l s i v e  
sounds .   Despi te  the  p o t e n t i a l   i m p o r t a n c e  of t h i s  v a r i a b l e  
i t  has n o t   b e e n   s y s t e m a t i c a l l y   s t u d i e d .  Two r e c e n t   r e p o r t s ,  
one of von Zwicker's s tudy  and  one by Shepard   and   Suther -  
l a n d  (Ref.12) are among t h e  f i r s t  p u b l i s h e d   s t u d i e s   d e a l i n g  
s p e c i f i c a l l y  w i t h  t h e  problem o f  i n s t r u c t i o n s .   S i n c e   o u r  
i n s t ruc t ions   u sed   " annoyance"   and   "no l s ines s"  ra ther  t h a n  
" loudness" ,  this may account  f o r  t h e  absence   o f  a time con- 
s t a n t   d i f f e r e n c e   w h i c h  had b e e n   p r e v i o u s l y   f o u n d   i n   o t h e r  
expe r imen t s   wh ich   u sed   " loudness"   i n s t ruc t ions .  
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PURPQSE AWD I'GTHOD 

General   Procedure 
Data c o l l e c t i o n  was governed by an   adapt ive   psycho-  

p h y s i c a l   p r o c e d u r e  cal led - Parameter E s t i m a t i o n  - by g e q u e n t i a l  
T e s t i n g  " (PEST), descr ibed  i n  d e t a i l  i n  Appendix A .  A l l  
o b s e r v e r s '   h e a r i n g  was s c r e e n e d   t o   w i t h i n  15  dB of t h e  pro-  
posed IS0 s t a n d a r d   t h r e s h o l d  (Ref .13). The o b s e r v e r s  were 
s e l e c t e d   f r o m  i? g r o u p   c o n s i s t i n g  p r i m a r i l y  of' c o l l e g e  
s t u d e n t s   r a n g i n g   i n  age from 1 7  t o  32 y e a r s ,  w i t h  a median 
age of  20 years .  One h a l f  hour  ! s  fami l ia r i ty  w i t h  t h e  PEST 
s y s t e m  was r e q u i r e d  o f  o b s e r v e r s   b e f o r e  t h e i r  p a r t i c i p a t i o n  
i n   e x p e r i m e n t a t i o n .   O b s e r v e r s  were i n s t r u c t e d  t o  depl-ess 
one of  two l i g h t e d  r e s p o n s e   s w i t c h e s   c o r r e s p o n d i n g   t o  t h e  
more no i sy  of  a p a i r  o f   s i g n a l s .  The t e s t  i n s t r u c t i o n s  
are reproduced. i n  Appendix I3. Each pa i r  of  s i g n a l s  con- 
t a i n e d   i n  r a n d o m   o r d e r   a n   i n v a r i a n t   s t a n d a r d   s i g n a l   a n d  a 
v a r i a b l e   c o m p a r i s o n   s i g n a l .  T a b l e  1 summarizes t h e  s i g n a l  
se t s  employed i n   e a c h   e x p e r i m e n t .  The i n t e n t  and  design of 
each of t h e  exper iments  are d i s c u s s e d   i n   o r d e r  below.  The 
equipment employed i n   s e n e r a t i n g  t h e  s t i n u l i   a n d   c o l l e c t i n g  
a n d   a n a l y z i n g  t h e  da ta  i s  descr ibed  i n  Appendix C .  

t 

Phase Experiment 
The pu rpose   o f  the  f i r s t  exper iment  was t o   d e t e r m i n e  

whether v a r i a t i o n s   i n  phase s p e c t r a  o f  i m p u l s i v e   s i g n a l s  
i n f l u e n c e  t h e i r  p e r c e i v e d   n o i s i n e s s .   A l t h o u g h  human obse r -  
vers can  under  some c i r cums tances  make d i s c r i m i n a t i o n s   o n  t h e  
basis of phase i n f o r m a t i o n ,  i t  was n o t  known whether phase 
c o n t r i b u t e d   t o  the annoyance of i m p u l s i v e   s i g n a l s .  If phase 
r e l a t i o n s h i p s   c o u l d  be shown t o   e x e r t   n o   m e a s u r a b l e   i n f l u e n c e  
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TABLE 1: SUMNARY OF EXPERIMENTAL C O N D I T I O N S  

Experiment 

PHASE 

DURATION 

INTERVAL 

REPETITION 

INTERACTION 

EVALUATION 

S t a n d a r d   S i g n a l ( s )  

S tds .  1 & 2 :  two s y n t h e t i c  
waveforms 

1000 msec sample o f   an  
oc tave   band   of   no ise  be- 
tween 0.600 and  1.200 kHz 

1000 msec samDle of a n  
oc t ave   band   o f   no i se  be- 
tween 0.600 and 1.200 kHz 

1000 msec  sample  of  an 
oc tave   band  of  n o i s e  be- 
tween 0.600 and 1.200 kHz 

S t d .  1: 1 0  msec sample 
o f  an oc tave   band   of  white 
noise   f rom 2.400 t o  4.800 
kHz 

S td .2 :  1000 msec  sample 
o f   an   oc t ave   band  of white 
noise   f rom 2.400 t o  4.800 
kT3 z 

1000 msec  sample  of  an 
oc tave   band   of   no ise   be-  
tween 0.600 and 1 . 2 0 0  kHz 

1000 msec sample o f   a n  
oc t ave   band   o f   no i se  be- 
tween 0 .600  and 1 .200  kHz 

Comparison  Signals  

25 s y n t h e t i c   s i g n a l s   i n   f i v e  waveform 
families 

5 w h i t e   n o i s e   s p e c t r a   o f  s i x  t empora l  
d u r a t i o n s  

2 s y n t h e t i c   w a v e f o r m s   p r e s e n t e d   t w i c e  
a t  s i x   t e m p o r a l   i n t e r v a l s  

2 syn the t i c   wave fo rms   p re sen ted  1,2, 
4 ,  6 and 8 times a t  333 msec i n t e r -  
v a l s  

1 0  msec sample  of   an  octave  band of 
i d e n t i c a l  white noise   be tween 0.075 
and  0.150 kHz; a l s o  , 1000 msec sample 
o f   a n   o c t a v e   b a n d   o f   i d e n t i c a l   w h i t e  
n o i s e   b e t v e e n  0 .075  and 0.150 kHz; 
a l s o ,  1000 msec sample  of   an  octave 
band  of   white   noise   f rom 2.400 t o  
4.800 kHz 

1 0  msec sample of   an   oc tave   band  of 
white noise   f rom  2.400  to   4 .800 kHz; 
a l s o ,  1000 msec  sample of a n   o c t a v e  
band  of  white noise   f rom 0.075 t o  
0.150 kHz 

1 2  n a t u r a l l y   o c c u r r i n g   i m p u l s i v e   s o u n d s  

8 synthe t ic   waveforms 



on  annoyance  judgments, there  would be l i t t l e  r e a s o n  t o  
c o n s i d e r   p h a s e   d i f f e r e n c e s  among s i g n a l s   i n   s u b s e q u e n t  
e x p e r i m e n t a t i o n .  

I n   o r d e r  t o  assess the  e f f e c t s   o f  phase on  annoyance 
judgments a set  of s y n t h e t i c   s i g n a l s  was c o n s t r u c t e d ,   s u c h  
tha t  families o f  waveforms o f  n e a r l y   i d e n t i c a l   p o w e r   s p e c t r a  
d i s p l a y e d   w i d e l y   d i v e r g e n t   p h a s e   s p e c t r a .  Ten o b s e r v e r s  
compared  each  of t he  s e t  o f   twen ty - f ive   syn the t i c   impu l ses  
wi th  two members o f  t h e  s e t  which were s e l e c t e d  as s t a n -  
dard s i g n a l s .  

F ive  bas ic  t r a n s i e n t  waveforms were employed i n   c o n s t r u c -  
t i o n   o f  t he  s y n t h e t i c   i m p u l s i v e   s o u n d s .  The b a s i c  waveforms 
were 1) an  i d e a l  N-wave, 2 )  an N-wave w i t h  l ead ing   and  t r a i l -  
ing  segments   of   approximately  one msec d u r a t i o n ,  3) a t r i a n -  
g u l a r  waveform, 4 )  a square  waveform,  and 5 )  a doublet   waveform. 
Each b a s i c   t r a n s i e n t  wave was ana lyzed  by  d i g i t a l  Fast 
Four i e r   T rans fo rm  t echn iques .  A new t r a n s i e n t  waveform was 
t h e n   g e n e r a t e d  by sc rambl ing  t h e  phase r e l a t i o n s h i p s  of t h e  
o r i g i n a l   t r a n s i e n t .  The i n i t i a l   t r a n s i e n t  waveform was 
d e s i g n a t e d  t h e  p ro to type   and  was employed i n  t he  p roduc t ion  
o f   f o u r   p h a s e - d i s t o r t e d   r e p l i c a s .   T h u s ,  t h e  p r o t o t y p i c a l  
t r i a n g u l a r  waveform i s  d e s i g n a t e d  TO, and its fou r   phase -  
s c r a m b l e d   r e p l i c a s  are d e s i g n a t e d  T 1 ,  T2, "3, and T4. 

Although  any two members o f  a waveform f a m i l y  ( such  
as t h e  t r i a n g u l a r  waveforms TO, T1, T 2 ,  T3 and T 4 )  have 
d i s t i n c t l y   d i f f e r e n t  shapes,  t h e y  share n e a r l y   i d e n t i c a l  
power   spec t r a .  The d u r a t i o n s  of  any  prototype  and i t s  tour 
repl icas  are i d e n t i c a l   ( a p p r o x i m a t e l y  26 msec;  except DO 
which !-s 1 3  msec). F u r t h e r  de t a i l s  on the  p rocedures  em- 
p l o y e d   i n   g e n e r a t i n g   a n d   m e a s u r i n g  the  s y n t h e t i c   i m p u l s e  
sounds a re  d i scussed   i n   Append ix  D.  Table 2 l i s t s  a l l  

I twen ty - f ive   syn the t i c   impu l ses   employed   i n  the  f i r s t  exper-  

iment   and   descr ibes  t h e i r  F e n e r a 1   s p e c t r a l   c h a r a c t e r i s t i c s .  
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I 

I 

I 

Impulses 

I d e a l  "IN0 
N-Wave I N 1  

I N 2  
IN3 
I N  4 

N-Wave NO 
N 1  
N2 
N 3  
N 4  

T r i angu la r  TO 
Wave T 1  

T 2  0 

T 3  
T 4  

Square so 
Wave s1 

s2 
s3 
s4 

Doublet %DO 
Wave D l  

D 2  
D3 
D4 

*Standard  Signals  

TABLE 2:  DESCRIPTION OF SYNTHETIC IMPULSE SOUNDS 
EMPLOYED I N  PHASE EXPERINENT 

Prototype 
Waveform Descr ip t ion  

Prototype and. f o u r  
p h a s e   d i s t o r t e d  re- 
p l i c a s  of  an N-wave 
w i t h   i n f i n i t e s i m a l l y  
shor t   l ead ing   and  
t r a i l i n g   t i m e s  

Prototype  and  four  
p h a s e   d i s t o r t e d  re- 
p l i c a s   o f   a n  N-wave 
wi th  less ,  abrupt   l ead-  
i n g   a n d   t r a i l i n g  times 

Prototype  and  four  
p h a s e   d i s t o r t e d  re- 
p l i c a s  of a t r i a n g -  
u l a r  wave 

Prototype  and  four  
p h a s e   d i s t o r t e d  re- 
p l i c a s  of a square  
wave 

Pro to type   and   four  
p h a s e   d i s t o r t e d  re- 
p l i c a s   o f  a doublet  
waveform . 

S p e c t r a l  
C h a r a c t e r i s t i c s  

Spectrum  peaks 
a t  40 Hz and f a l l s  
o f f  a t  6 dB/oct 
for   h igher   and   lower  
f requencies  

Spectrum same as 
f o r  " I N "  series 
excep t   s lope  a t  
f requencies   above 250 
Hz fa l l s  at 1 2  dB/oct 

Spectrum  peaks a t  
40 Hz then  f a l l s  
a t  1 2  dB/oct f o r  
h ighe r   f r equenc ie s  

Same spectrum as 
" I N "  s e r i e s  

Spectrum i s  flat 
above 40 Hz 

Note: A l l  s y n t h e t i c   s i g n a l s   a r e   o f  26.0 msec dura t ion   except  DO which i s  13.0 msec. 

. . . .. 



Duratfon  Experiment 
The p r i n c i p a l   i n t e n t  of  the  second  experiment was 

t o  s tudy   t he   e f f ec t s   o f   s igna l   du ra t ion  on perce ived   no is i -  
nes s .   In   pa r t i cu la r ,   s igna l   du ra t ions   f rom 1 0  t o  1000 msec 
were employed i n  an attempt t o  e s t a b l i s h  the ex i s t ence  and 
value of t he   ea rDs   t ime   cons t an t  (as d i s c u s s e d   i n  the L i t -  
e r a t u r e  Review) a A secondary  goal of  the dura t ion   s tudy  was 
t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  spectral   composi t ion of impul- 
s i v e   s i g n a l s  on the earOs time c o n s t a n t ;   i . e . ,  t o  determine 
whether t h e  value of the time constant  was a func t ion  of 
frequency. 

Ten observers  compared f i v e  f i l t e r ed  white no i se  
spectra of s ix   t empora l   dura t ions  with a s tandard  1000 msec 
burst   of  an  octave  band of white noise  between 0.600 and 
1 .200  kHz. The band limits and  durations of t h e  s i g n a l s  
employed i n  this  study may be found i n  Table 3 .  The order  
of administration  of  each c e l l  of t h e  f a c t o r i a l   d e s i g n  
i l l u s t r a t e d   i n  Table 3 was randomized  independently f o r  each 
observer 

Interval  Experiment 
Whether repeated impulsive  s ignals   (such as the leading  

and t r a i l i n g   p o r t i o n s  of a son ic  boom) are perceived as 
s i n g l e  o r  multiple  events  obviously  depends upon both  the  
temporal   interval   between  repet i t ions  and  the time constant  
of t h e  e a r .  More specif ical ly ,   impulsive  sounds separated 
by a n   i n t e r v a l  greater than the earvs  time constant  would 
be  perceived as mul t ip l e   even t s ,  whereas impulsive  sounds 
separated by a n   i n t e r v a l   l e s s   t h a n  the time constant  
would be perce ived   as   s ing le   events .  If t h e  obGervervs 
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T m L E  3: TAPTJLAJ? FON-'? OF' FACTORIAL 
DESIGN EM??LOYED IN DUPATION  EXPERIMENT 

Rows: Signal Spectra 
Columns: Signal Durations 

Comparison  Signals 

Duration  in m e c  

Band Limits 
in kHz 

0.150-0.300 

0.300-0.600 

0.600-1.200 

2.400-4.800 

0.020-5.000 
i 

- 1  i 1 
i- 

-1- 

LO 33 67 100 333 1000 
! I 

" .- .. 

I 
" 

i "._ 

Standard  Signal 

Octave band of filtered  white  noise from 0.600-1.200 kHz 
of 1000 msec duration (denoted by "X" in table) 
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no i s ines s   j udgmen t s  are d i r e c t l y  re la ted t o  t h e   e n e r g y  of 
t h e   s i g n a l s   p r e s e n t e d ,   t h e n   o n e  would expec t  a 3 dB i n c r e a s e  
i n   n o i s i n e s s   o f   t w o   s i g n a l s   s e p a r a t e d  by a n   i n t e r v a l  greater 
t h a n  t h e  ea r9s  time c o n s t a n t .  

I n   o r d e r  t o  e x p l o r e  th is  h y p o t h e s i s ,   f o u r   o b s e r v e r s  
were asked  to compare  two  synthetic  waveforms (IhTO and DO) 
p r e s e n t e d   t w i c e  a t  s i x   i n t e r s i g n a l   i n t e r v a l s   ( 3 3 ,  67, 100, 
200, 333,  and 1000 msec) w i t h  a s t a n d a r d  1000 msec  sample 
of an   oc t ave   band   o f   no i se   be tween  0 . 6 0 0  and 1 . 2 0 0  kHz. 

Repe t i t i on   Expe r imen t  
If m u l t i p l e  repeated impulses  are p e r c e i v e d  as tempor- 

a l l y  d i s c r e t e   e v e n t s   t h e n  t h e  annoyance of a s e t  o f   m u l t i p l e  
imgu l ses   shou ld  be f u n c t i o n a l l y  re la ted t o  t h e  annoyamce of  
a s i n g l e   i m p u l s e  by  t h e  number o f   i m p u l s e s   i n   t h e  repeated 
s e t .  If t h e  combined  annoyance of m u l t i p l e   i m p u l s e s  fo l lows  
an   energy- l ike   summat ion ,   one   would   an t ic ipa te  a 3 dB i n -  
c r e a s e   i n   n o i s i n e s s  to be a s s o c i a t e d .  with a doub l ing   o f  t h e  
number of e l e n e n t s   i n  t h e  s e t  o f  r e p e a t e d   i m p u l s e s .  

To test whether a g e n e r a l   r u l e  of e n e r g y - l i k e  sum- 
mation of  a n n o y a n c e   d e s c r i b e s   s e n s i t i v i t y  t o  m u l t i p l e  
impu l ses ,  e i g h t  observers   compared two se ts  o f  1, 2 ,  
6 and 8 impulses  separated by a n   i n t e r v a l  of  333  msec With 
a s t a n d a r d  1000 msec b u r s t  of f i l t e r e d  w h i t e  no ise   be tween 
0.600 and 1 . 2 0 0  kHz.  The s y n t h e t i c   s i g n a l s  IN0 and DO 
s e r v e d  as the m u l t i p l e  repeated s i g n a l s .  

I n t e r a c t i o n   E x p e r i m e n t  
The pu rpose  of t he  I n t e r a c t i o n   e x p e r i m e n t  was t o  

de t e rmine  whether t h e  common f r equency   we igh t ing   cu rves  
(which were developed  for s teady  s t a t e  measurement)provide 
an   adequa te  basis f o r   i m p u l s i v e   m e a s u r e m e n t s .   I n   p a r t i c u l a r ,  
t h e  exper iment  was i n t e n d e d  t o  r e v e a l  whether t h e  p roduc t  
of  s i g n a l   i n t e n s i t y   a n d  time was c o n s t a n t  a t  t w o   d i f f e r e n t  
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f requency   ranges  separated by abou t  20 dB on the  we igh t ing  
cu rves .  Two oc tave  bands were compared w i t h  one   ano the r  a t  
two d i f f e r e n t  d u r a t i o n s .  The two-by-two t ab le  below 
(Table 4 )  summarizes the c o n d i t i o n s  of  t h i s   e x p e r i m e n t .  

TABLE 4:  SUMMARY  OF  EXPERIMENTAL 
C O N D I T I O N S  OF INTERACTION STUDY 

- Durat ion  Frequency 

T w e l v e   o b s e r v e r s   p a r t i c i p a t e d   i n  t h e  i n t e r a c t i o n  
s t u d y .  The s t anda rd   and   compar i son   s igna l s  were f i l t e r e d  
white n o i s e  o f  two d u r a t i o n s   i n  two  octave  bands.  The 
d u r a t i o n s  were 10  msec (short) and 1000 msec ( l o n g ) ;  t h e  
oc tave   bands  were 0 .075  t o  0 .150  kHz ( low)  and 2 . 4 0 0  t o  
4.800 kHz ( h i g h ) .  The f i r s t  s t a n d a r d   s i g n a l  was o f  h i g h  
f r e q u e n c y   a n d   s h o r t   d u r a t i o n .  The s i g n a l s  w i th  which i t  
was compared were o f  h i g h   f r e q u e n c y ,   l o n g   d u r a t i o n ;  low 
f r equency ,   l ong   du ra t ion ;   and  low f r equency ,  short d u r a t i o n .  
The s e c o n d   s t a n d a r d   s i g n a l  was of  high f requency  and  long 
d u r a t i o n .  The s i g n a l s  w i t h  which t h e  second   s t anda rd  was 
compared were of  h i g h  f r equency ,   sho r t   du ra t ion ; ,   and   o f  
low f r equency ,  long  d u r a t i o n .  

The compar i son   s igna l s  were computer   genera ted  f i l t e r e d  
white n o i s e   o f  a s p e c i a l   c h a r a c t e r :   e a c h   n o r s e  sample o f  
t h e  same dura t ion   and   band  l ipits  was an   i den t i ca l   wave fo rm.  
This   measure was t a k e n  t o  i n s u r e  t ha t  f l u c t u a t i o n s   i n  t he  
low f r e q u e n c y ,   s h o r t   d u r a t i o n   c o m p a r i s o n   s i g n a l s ,   d u e  t o  
t h e i r  small number o f  e f f e c t i v e   d e q r e e s  of freedom (Ref .14), 
would n o t  per se  i n t r o d u c e   v a r i a n c e .  
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Evalua t ion   Exper iment  
The las t  exper iment  was conducted t o  e v a l u a t e  t he  

g e n e r a l i t y   a n d   a p p l i c a b i l i t y   o f  t h e  r e s u l t s   o f  t he  f i rs t  
f i v e   s t u d i e s   ( w h i c h   e m p l o y e d   s y n t h e t i c   s o u n d s )  t o  n a t u r a l l y  
occurr ing  impulsive  sounds.   Ten  observers   compared  each of 
1 2  n a t u r a l l y   o c c u r r i n g   i m p u l s e s   ( d e s c r i b e d   i n   T a t l e  5 )  w i t h  
a s t a n d a r d   s i g n a l   c o n s i s t i n g   o f  a 1000 msec sample of a n  
oc tave   band   of  f i l t e r e d  white  no i se   be tween  0.600 and 1 .200  
kHz. 

The same t e n   o b s e r v e r s   c o m p a r e d   t h e   i d e n t i c a l   s t a n d a r d  
s i g n a l  w i t h  e i g h t  s y n t h e t i c a l l y   g e n e r a t e d   i m p u l s i v e   s i g n a l s .  
The s y n t h e t i c   s i g n a l s   e m p l o y e d  were s e l e c t e d   f r o m   t h e  s e t  of 
s y n t h e t i c   s i g n a l s  employed. i n   t h e  Phase expe r imen t .  The 
e i g h t  s i g n a l s  were I N O ,  IN1, DO, Dl, D4, N O ,  SO and TO. 
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Impulse 

1 

2 

3 

4 

”_ - 

5 

6 

7 

8 

3 

10 

11 

12 

Standard 

TABLE 5: DESCRIPTION OF NATURALLY  OCCURRING  IMPULSIVE  SOUNDS 
EPPLOYED  AS  COMFARISON  SIGNALS IN EVALUATION  EXPERIMEMT 

Duration 
(msec) 

300 

150 

425 

450 

580 

480 

180 

400 

600 

180 

1200 

900 

1000 

Identification -.- 

Autom.obile  Door  Slam 

Paper  Tearing 

Hand  Clap 

Two  Bottles  Clinkinq 
Together 

Chain  Collapsing  on 
Itself 

Nocturnal  Animal  Noise 

Squeaky  Release  of  Air 
through  a  Valve 

Balloon  Eursting 

Balloon  Bursting 

Automobile Eiorn 

Simulated  Sonic  Boom 

Basketball  Bounce  in  high- 
ly  Reverberant  Environment 

White  Noise  Burst 

Approximate 
-. Spectral  Characteristics 

Peaks  at 0.500 kHz 

Near  flat  spectrum  to 10.0 kHz 

Rises  and  falls  about 0.800 kHz 

Highly  leptokurtic  at 4.0 kHz 

Near  flat  spectrum  to 1.0 kHz, falls 
slowly  at  higher  frequencies 

Complex  spectrum  peaked at 0.125  and 
2.5 kEz 

Peaks  at 0.800, 1.600,  and 5.000 kHz 

Predominantly  low  frequency,  falls 
slovly  above 0.200 kHz 

Peaks  at  0.200 kHz 

Discrete  frequency peaks concmtrated 
between 0.300 and  1.0 kHz 

Predominantly low frequency,  falling 
steeply  from  0.125 kHz 

Energy  concentrated  between 0.200 an2 
1.600 kHz 

Octave  band  from 0.6 - 1.2 kHz 



RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  exper iments  descr ibed i n  t h e  
p r e c e d i n g   s e c t i o n  are  p r e s e n t e d   a n d   i n t e r p r e t e d   i n   o r d e r .  
The bas i c   da tum of t h e  s t a t i s t i c a l  a n d   g r a p h i c a l   a n a l y s e s  
i n  t h i s  s e c t i o n  i s  t h e  l e v e l  of t h e  c o m p a r i s o n   s i g n a l  a t  
which t h e  obse rve r  was i n d i f f e r e n t   b e t w e e n  t h e  p e r c e i v e d  
n o i s i n e s s   o f  t h e  c o m p a r i s o n   a n d   s t a n d a r d   s i g n a l s .  Data 
are  p l o t t e d   i n  t h e  form  compar ison   leve l   minus   s tandard  
l eve l .   Compar i son   s igna l s   j udged  more n o i s y   t h a n  t h e  
s t a n d a r d  are  t h e r e f o r e   r e p r e s e n t e d  b y  p o i n t s   l y i n g   b e l o w  
the  z e r o  d B  r e f e r e n c e ,  w h i l e  compar ison   s igna ls   judged  less 
no i sy   t han  t h e  s t a n d a r d   c o r r e s p o n d   t o   p o i n t s   l y i n g   a b o v e  
the  r e f e r e n c e   l i n e .  E x t r e m e  d i f f e r e n c e s   i n   j u d g e d   l e v e l s   o f  
some s tandard   and   compar ison   s igna ls   (on  t h e  o r d e r   o f  40 d B ) ,  

as wel l  as i n d i v i d u a l   d i f f e r e n c e s  among observers ,   somet imes  
n e c e s s i t a t e d   a d j u s t m e n t  of a b s o l u t e   l e v e l s  o f  s t a n d a r d  or 
c o m p a r i s o n   s i g n a l s   w i t h i n   e x p e r i m e n t s .   J u s t i f i c a t i o n  for 
such s h i f t s  i n   s i g n a l   l e v e l s   w i t h i n   e x p e r i m e n t s  i s  a v a i l a b l e  
bo th  frorn i n f o r m a l  s t u d i e s  ( i n  w h l c h   l e v e l   a d j u s t m e n t s  were 
found t o   c a u s e   n e g l i g i b l e   e f f e c t s )   a n d   f r o m  von  Zwicker 
(Ref . 7 ) .  

Phase Experiment 

The r e s u l t s   o f  t h e  Phase experiment  a re  p r e s e n t e d   i n  
F i g u r e s  1, 2 and 3.  The f i g u r e s  show the  l e v e l s  a t  which 
each  of  t h e  s y n t h e t i c   s i g n a l s  were j u d g e d   e q u a l   i n   n o i s i -  
n e s s   t o  t h e  s t a n d a r d   s i g n a l .  The l e v e l   o f  t h e  s t a n d a r d  
s i g n a l   s e r v e s  as the  z e r o  d B  r e f e r e n c e   l i n e   i n  a l l  of t h e  
f i g u r e s .  I n  F i g u r e s  1 and 2 ,  t h e  s i g n a l s   o f  t h e  same 
waveform  family are  connected by l i n e   s e g m e n t s .  
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If a l l  of t h e  s i g n a l s  of t h e  same waveform f a m i l y  were 
j u d g e d   e q u a l l y   n o i s y   t o   e a c h   o t h e r ,  the l i n e   s e g m e n t s  
j o i n i n g  data points   would  form a s t r a i g h t   l i n e  of z e r o  
s l o p e .  As can be seen   f rom  F igures  1 and 2 ,  c o n t a i n i n g  
judgments made a g a i n s t  t h e  two s t a n d a r d   s i g n a l s  DO and IN0 
r e s p e c t i v e l y ,  t he re  i s  n o   s y s t e m a t i c   t r e n d   t o w a r d  a s l o p e  
o t h e r   t h a n   z e r o .   F u r t h e r ,  t h e  t o t a l   r a n g e   o f   v a r i a b i l i t y  
w i t h i n  waveform families i s  t y p i c a l l y   o n  t h e  o r d e r   o f  k 1 . 5  

dB. From these  data one may conclude t h a t  phase d i f f e r e n c e s  
among i m p u l s i v e   s i g n a l s ,   e v e n  i f  t hey  a re  d i s c e r n a b l e ,   d o  
n o t   c o n t r i b u t e   s i g n i f i c a n t l y   t o   p e r c e i v e d   n o i s i n e s s .  

Ana lyses   o f   va r i ance  were performed  on t h e  data of 
each  of the  waveform families to de te rmine  whether any 
d i f f e r e n c e s  among s i g n a l s  were o f   s i g n i f i c a n t   p r o p o r t i o n s .  
When t h e   p r o t o t y p e   a n d  t h e  f o u r   r e p l i c a s  o f  each  waveform 
f a m i l y  were compared,  only t h e  DO f a m i l y  showed a s i g n i f i c a n t  
d i f f e r e n c e  (F[4,45] 4 .6 ;  P c . O 5 ) .  The s i g n i f i c a n t  d i f f e r -  

e n c e   i n   l e v e l s  of t h e  members of  the D waveform f a m i l y  seems 
due s i m p l y  t o  t h e  d u r a t i o n   d i f f e r e n c e   b e t w e e n  DO (13 msec) 
and its r ep l i cas  ( 2 6  msec ) .   F igu re  3 c l e a r l y   i l l u s t r a t e s  
t h i s  e f f e c t ;   e v e n  w i t h  an  N-weiaht ine  curve a p p l i e d ,  DO 
i s  much f a r the r  above t h e  r e f e r e n c e   l i n e   t h a n  a n y  of i t s  
r e p l i c a s .  I n  o r d e r  t o  compensa te   for  DU9s s h o r t  d u r a t i o n ,  
o b s e r v e r s   a p p a r e n t l y   i n c r e a s e d  i t s  maeni tude .  

F i g u r e  3 p r e s e n t s  combined  judgments f o r  a l l  s i g n a l s  
to b o t h   s t a n d a r d   s i p ; n a l s ,  IN0 and DO.  A l l  data  d e r i v e d  by 
comparison t o  t h e  DO s t a n d a r d  were normalized t o  t h e  IN0 
s tandard ,   which  i s  r e p r e s e n t e d  by t h e  z e r o   r e f e r e n c e   l i n e .  
The i m p u l s i v e   s i g n a l s  pa i red  w i t h  DO a r e  r e p r e s e n t e d  by 
open  symbols.  Those pa i r ed  w i t h  IN0 are  i d e n t i f i e d  b y  
c losed   symbols .  The l ine   sesments   d rawn  be tween ghase scram 
b l i n g s   i l l u s t r a t e  t h e  a v e r a g e   l e v e l   f o r   e a c h   s i g n a l  compared 
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a l t e r n a t e l y  w i t h  t h e  two s t a n d a r d s  - IN0 and DO.  The N- 
w e i g h t i n g   c u r v e   a p p l i e d   t o  the  data i n   F i g u r e  3 both  compressed 
t h e . d i f f e r e n c e s   i n   l e v e l s   b e t w e e n  waveform families a n d   a l s o  
r ende red  them c l o s e r   i n   l e v e l   t o  t h e  s t a n d a r d   s i g n a l s .   S p e c -  
i a l  a t t e n t i o n   s h o u l d  be  d i r e c t e d  t o  t h e  r e l a t i v e   e f f i c i e n c y  
of t h e  N t r a n s f o r m a t i o n   o n  t h e  v a r i o u s  waveform famil ies .  
The t r iangular   waveforms,   which   conta ined  t h e  g r e a t e s t   c o n -  
c e n t r a t i o n   o f  low f requency   energy   of   the   f ive   waveform 
famil ies ,  were less a f f e c t e d  b y  t h e  N t r a n s f o r m a t i o n   t h a n  
any  of t h e  other   waveforms.  The impor t ance   o f   t h i s   obse r -  
v a t i o n  w i l l  be d i s c u s s e d  a t  l e n g t h  l a t e r .  

Durat ion  Experiment  

The da ta  of t h e  Durat ion  Experiment  a re  d i s p l a y e d   i n  
F i g u r e s  4 ,  5 ,  6 and 7 .  They a r e   p l o t t e d   i n  terms of dB of 
d i f f e r e n c e   i n   n o i s i n e s s   b e t w e e n  t h e  compar ison   s igna ls   and  
t h e  s t a n d a r d   s i g n a l s .  Data p o i n t s  f o r  judgments  of t h e  
same octave  band of n o i s e  a re  j o i n e d  by l i n e s .  

I n   g e n e r a l ,  i t  may be s e e n  t h a t  s h o r t   d u r a t i o n ,  low 
frequency,   narrow  band  noises  a re  grea te r  i n   l e v e l  when 
judsed  e q u a l l y  n o i s y   t o  t h e  s t a n d a r d   s i s n a l ,   t h a n  a re  long  
d u r a t i o n ,   h i g h   f r e q u e n c y ,  wide  band   no i se s .  T h e  3 d B  p e r  
d u r a t i o n   d o u b l i n g   i n c r e a s e   i n   n o i s i n e s s ,   p r e d i c t e d  b y  a 
s imple e n e r g y   d e t e c t i o n  model o f   s e n s i t i v i t y   t o   i m p u l s e  
n o i s e ,  i s  r e p r e s e n t e d   i n   F i g u r e  4 b y  t h e  s l o p e  of t h e  
shaded a r e a .  The f i t  of t h e  3 dB per  d u r a t i o n   d o u b l i n g  
l i n e   t o  t h e  data  a p p e a r s   q u i t e   r e a s o n a b l e .   F u r t h e r ,  there  
i s  no   sys temat ic   d ivergence   f rom t h e  3 d B  p e r   d o u b l i n g   l i n e  
as a f u n c t i o n  of f r equency   r ange .  The g e n e r a l l t y   o f  t h e  3 
dB p e r   d u r a t i o n   d o u b l i n g   i n c r e a s e   i n   n o i s i n e s s  may be s e e n  
m o s t   c l e a r l y   i n   F i g u r e  5 ,  i n  which t h e  r e s u l t s  of t h e  
cu r ren t   Dura t ion   expe r imen t  are p l o t t e d   o n  t h e  same s c a l e  
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as t h o s e  of a n o t h e r   s t u d y   r e c e n t l y   c o m p l e t e d  by BBN for t h e  
FAA (Contract FA68WA-1978). The data  from the  FAA s t u d y ,  
i n c l u d i n g   s i g n a l   d u r a t i o n s   g r e a t e r   t h a n  1000 msec, were 
c o l l e c t e d   u n d e r   e x p e r i m e n t a l   c o n d i t i o n s  similar t o  t h o s e  
of t h e  c u r r e n t   s t u d i e s .  The 3 dB per d u r a t i o n   d o u b l i n g  
r u l e   p r o v i d e s   a n   e x c e l l e n t  fit a c r o s s  four decades of  time. 

F i g u r e  6 c o n t a i n s  the same data as F i g u r e  4 t ransformed 
t o  t h e  A-scale.  F igure  7 shows these same da ta  on an  N- 

s c a l e .  Once a g a i n ,  t h e  compression of  v a r i a b i l i t y   a f f o r d e d  
by t h e  A and N t r a n s f o r m s  i s  e v i d e n t .  The N t r a n s f o r m  
o f f e r s  s l i g h t l y  g r e a t e r   r e d u c t i o n   i n   v a r i a n c e   t h a n  t h e  A 
t r a n s f o r m .  The mean r a t i o  of A-weighted t o  N-weighted 
s t a n d a r d   d e v i a t i o n s   f o r  t h e  data a t  e a c h   d u r a t i o n  i s  1 . 4 .  

I n t e r v a l   E x p e r i m e n t  

The r e s u l t s  o f  t h e  I n t e r v a l   e x p e r i m e n t  are p l o t t e d   i n  
F i g .  8 .  Due to c o n s i d e r a b l e   i n d i v i d u a l   d i f f e r e n c e s  among 
o b s e r v e r s '   r e s p o n s e s  (as d i s c u s s e d   i n  t h e  L i t e r a t u r e  Review 
s e c t i o n )  i t  was n e c e s s a r y   t o  s u b t r a c t  e a c h   o b s e r v e r s v  mean 
from h i s  own da ta  i n   p r e p a r i n g   F i g u r e  8 .  As an  example  of 
t h e  r a n e e ,   r e s p o n s e s  of two  observers  t o  t h e  IN0 s l g n a l  
a t  t h e  33 msec i n t e r v a l   r a n g e d   f r o m  3 d B  t o  25 dB; a t  t h e  
1000  msec i n t e r v a l   t h e  same two o b s e r v e r s '   r e s p o n s e s  were 
3 dB t o  24  d B .  

There does   no t  appear t o  be a n y   s y s t e m a t i c   t r e n d   i n  
t h e  data d i s p l a y e d  i n   F i g .   8 .  T h i s  s u g g e s t s   s t r o n g l y  t h a t  
t h e  no i s ines s   o f   two   impu l ses  i s  independent  of t h e  d u r a t i o n  
of  t h e  i n t e r v a l   b e t w e e n  them. However, a combined repeated. 
m e a s u r e s   a n a l y s i s   o f   v a r i a n c e   ( o n e   w h i c h   s p e c i f i c a l l y  d i d  

n o t   c o n s i d e r .   v a r i a t i o n  due t o   i n d i v i d u a l   d i f f e r e n c e s  
among o b s e r v e r s )   r e v e a l e d  t h e  e x i s t e n c e  of  a s i g n i f i c a n t  
d i f f e r e n c e  as a func t for l  o f  i n L e l - v a 7  ( F L 5 , 2 4 )  = 6 .0 ;  P < .01). 
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Nonethe less ,  t h e  non-monotonicity of t h e  data p r e v e n t s  t h e  
i n f e r e n c e   o f   e f f e c t s   d u e   t o   i n t e r s i g n a l   i n t e r v a l .  The 
absence  of a u n i q u e   i n f l e c t i o n   p o i n t   i n  the data p r e v e n t s  
t h e  i n f e r e n c e   o f  a s p e c i f i c  v a l u e  f o r  t h e  time c o n s t a n t  of 
t he  ear ove r  t h e  r ange  of i n t e r s i g n a l   i n t e r v a l s  t e s t ed .  

Repet i t ion   Exper iment  

The f i n d i n g s  of  t h e  R e p e t i t i o n   e x p e r i m e n t  are i l l u s t r a t e d  
i n  F i g .  9. Again,  due t o  gross d i f f e r e n c e s   ( o f   a b o u t  20 d B )  
among o b s e r v e r s '   r e s p o n s e s ,  t h e  mean of each o b s e r v e r ' s  res- 
ponses  was s u b t r a c t e d  f rom h i s  own da ta .  With t he  o b s e r v e r s '  
v a r i a b i l i t y   a c c o u n t e d   f o r ,  a g r a p h i c a l   i n s p e c t i o n  of t h e  
da t a  r e v e a l e d  t h a t  t h e  n o i s i n e s s   o f   m u l t i p l e   i m p u l s e s  was 
d i r e c t l y   p r o p o r t i o n a l   t o  t h e  number o f  i m p u l s e s  i n  t h e  
c o m p a r i s o n   s i g n a l .  The c l c s e  f i t  of t h e  da ta  p o i n t s   o f  
F i g .  9 a f f o r d e d  b y  t h e  l i n e   o f  3 dB per  impulse   doubl ing  
s l o p e  s u g g e s t s  t h a t  no i s ines s   j udgmen t s   a r e   de t e rmined  by 
t h e  t o t a l   e n e r g y   p r e s e n t   i n  t h e  compound s i g n a l .  

Separate repea ted  measu res   ana lyses   o f   va r i ance  ( w i t h  
4 and 20 degrees freedom)  for   comparison DO and IN0 y i e l d e d  
F r a t i o s  of 82 .0  and 1.9.0, r e s p e c t i v e l y  ( P  < .Ol>, confirming 
t h e  s i g n i f i c a n c e   o f  t h e  t r e n d   i n  t h e  da t a .  The repea ted  
measures   des ign  was n e c e s s i t a t e d  by t h e  broad  range of  
i n d i v i d u a l   d i f f e r e n c e s  among t h e  o b s e r v e r s .  

I n t e r a c t i o n   E x p e r i m e n t  

A l l  o b s e r v e r s '  data from t h e  I n t e r a c t i o n   e x p e r i m e n t  
are  p r e s e n t e d   i n  T a b l e  6 .  The c e l l   e n t r i e s   r e p r e s e n t  a 
combinat ion of in fo rma t ion   de r ived   f rom t h e  shor t   and   l ong  
d u r a t i o n   s t a n d a r d   s i g n a l s .  To r e n d e r  t h e  r e sponses  made 
t o  t h e  d i f f e r e n t   s t a n d a r d s   c o m p a r a b l e ,  i t  was necessa ry  t o  
normal ize  t he  data g e n e r a t e d   i n   c o m p a r i s o n s  w i t h  t h e  long 
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d u r a t i o n   s t a n d a r d  t o  data g e n e r a t e d   i n   c o m p a r i s o n s  with the  
s h o r t   d u r a t i o n   s t a n d a r d .  T h i s  t r a n s f o r m a t i o n  was ach ieved  
by f i n d i n g  t h e  f a c t o r   w h i c h   r e p r e s e n t e d  the d i f f e r e n c e   i n  
t h e  r e sponses  t o  t he  two s t a n d a r d s  a t  t he  l e v e l   o f   s u b j e c t i v e  
e q u a l i t y .  T h i s  f a c t o r  was added t o  t h e  data g e n e r a t e d  by 
t h e  l o n g   d u r a t i o n   s t a n d a r d .  The normalized data and t h e  
d a t a   a s s o c i a t e d  wi th  t h e  s h o r t   d u r a t i o n   s t a n d a r d   w e r e   t h e n  
averaged .  The resu l t s  of t h e  ave rag ing  are p r e s e n t e d   i n  
Table  6 .  

TABLE 6 :  NORMALIZED N-LEVEL DATA 
FOR INTERACTION  EXPERIMENT 

Durat ion  (msec)  

Octave Band (kHz) 
Low High 

0.075-0.150 2.400-4.800 

( S h o r t )  
1 0  

STD: 89.5dB 
81.5dB  91.5dB 

” - ” -. 

69.5dB 79 5dB 
J I ”. “I 

As may be seen   f rom  Table  6 ,  t h e r e  i s  a c o n s i s t e n t  
10  dB d i f f e r e n c e   i n   l e v e l s   b e t w e e n  low and h i g h  freq-uency 
s i g n a l s .  The N co r rec t ion   con tour   shou ld   have   r educed  t h e  
d i f f e rence   be tween  low and h i g h  f r e q u e n c i e s   t o   z e r o .  It 
a p p e a r s ,   t h e r e f o r e ,  t h a t  t h e   c o n t o u r   u n d e r c o r r e c t s  a t  low 
f r e q u e n c i e s .  The same i n f e r e n c e  may be  drawn  from t h e  under-  
c o r r e c t i o n  of the low f r equency   t r i angu la r   wave fo rms   o f   t he  
Phase  experiment .  

Add i t iona l   con f i rma t ion  o f  t h i s  h y p o t h e s i s  i s  a v a i l a b l e  
from t h e  Dura t ion   exper iment .   F igure  1 0  shows t h e  data of 
t he  D u r a t i o n   e x p e r i m e n t   e x t r a p o l a t e d   t o   o n e   l o w e r   o c t a v e   b a n d  
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a n d   r e - p l o t t e d  to remove t h e  e f f e c t s  of d u r a t i o n  (by  ave rag ing  
a c r o s s   d u r a t i o n s ) .  A 1 0  dB d i f f e r e n c e   i n   N - l e v e l s   b e t w e e n  
t h e  low and h igh  f r equency   r eg ions  i s  observed .  Similar 
f i n d i n g s  were o b t a i n e d   f o r  PNL c o r r e c t i o n s .  The r e s u l t s  of 
the Eva lua t ion   expe r imen t  (see be low)   provide  y e t  a n o t h e r  
basis f o r   b e l i e v i n g  t h a t  t h e  n a t u r e  of t h e  e r r o r   i n  t h e  N- 
l e v e l  c o r r e c t i o n   c o n t o u r  i s  u n d e r c o r r e c t i o n  a t  t h e  low fre- 
q u e n c i e s .  

The e f f ec t s  of s i g n a l   d u r a t i o n   i n  t he  I n t e r a c t i o n  
experiment  are n o t  as c l ea r  as i n  t h e  p r e v i o u s   s t u d i e s .  On 
t h e  basis of a s imple energy  detect ion  scheme,   one  would 
expec t  a 20 dB d i f f e r e n c e   b e t w e e n  t h e  s h o r t   a n d   l o n g   d u r a t i o n  
s i g n a l s ,   i n d e p e n d e n t l y  of a n y   f r e q u e n c y   e f f e c t s .  The data  
show a d i f f e r e n c e   i n  t he  p r o p e r   d i r e c t i o n ,   b u t  of only  1 2 - 1 4  
d B ,  depending  on t h e  c o r r e c t i o n   c o n t o u r s  a p p l i e d  t o  them. 
It  is  p o s s i b l e  t h a t  c o n t e x t  e f r e c t s  ( such  as t h e  recency  of 
judgments of  a d i f f e r e n t   n a t u r e ,  o r  t h e  l e v e l s   o f  t h e  s t a n d a r d  
and   compar ison   s igna ls )  may have   i n f luenced  t h e  o b s e r v e r s '  
d e c i s i o n s .  

Evalua t ion   Exper iment  

The r e s u l t s  of t h e  Evalua . t ion   exper iment ,   represented  
as o v e r a l l  (OASPL) ,  A-level  ( A L ) ,  N-level  ( M L ) ,  and per-  
c e i v e d   n o i s e   l e v e l  (PNL)  a r e  p l o t t e d   i n   F i g u r e  11. The 
p o i n t s   p l o t t e d  as c i r c l e s   r e p r e s e n t   v a l u e s  o f  n o i s i n e s s  
judgments of n a t u r a l l y   o c c u r r i n g   i m p u l s e s   a v e r a g e d   o v e r  a l l  
o b s e r v e r s .  The f i g u r e s  p l o t t e d  as s q u a r e s   r e p r e s e n t   s i m i l a r  
v a l u e s   f o r   s y n t h e t i c   s i g n a l s .  The noise   measures  for t h e  
impulses  were i n t e g r a t e d   t o   a c c o u n t  f o r  t h e  d i s p a r i t y  be- 

t w e e n   s t a n d a r d   a n d   c o m p a r i s o n   s i g n a l   d u r a t i o n s .  For example, 
a 25 msec sample of a 1000 msec s i g n a l  would be c o r r e c t e d  
by 16 dB (10  log 25/1000).  
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These data pe rmi t  c lear  c o m p a r i s o n s   o f   t h e   e f f e c t i v e n e s s  
of the v a r i o u s   c o r r e c t i o n   c o n t o u r s   o n   s e v e r a l  bases .  F i r s t ,  
i t  shou ld  be noted  that  f o r  a l l  o f  t h e  c o r r e c t i o n   p r o c e d u r e s ,  
t h e  s y n t h e t i c   a n d   n a t u r a l l y   o c c u r r i n g   i m p u l s e s  are i n t e r -  
mingled.  The i n t e r m i n g l i n g   d e m o n s t r a t e s  t h a t  c o r r e c t i o n  
p r o c e d u r e s   a p p l i e d   t o   a r t i f i c i a l l y   g e n e r a t e d   s i g n a l s   i n  
l a b o r a t o r y   r e s e a r c h   c a n   y i e l d  similar r e s u l t s  when a p p l i e d  
t o  r e a l - l i f e  impu l s ive   sounds .  

Secondly,   one may compare t h e  means  and  variances  of 
t h e  d i s t r i b u t i o n s   o f   n o i s i n e s s   j u d g m e n t s   u n d e r  t h e  v a r i o u s  
c o r r e c t i o n   p r o c e d u r e s .   I n   g e n e r a l ,  AL appea r s   t o   compress  
t h e   r a n g e  of v a r i a b i l i t y  among s i g n a l s   o f   d i f f e r e n t   s p e c t r a l  
c o n t e n t  more t h a n  NL o r  PNL. A t  t h e  same time however, NL 
and PNL r e s u l t s   o f f e r  b e t t e r  mean p r e d i c t i o n s   o f   n o i s i n e s s ,  
as ev idenced  b y  t h e  c l o s e r   p r o x i m i t y   o f  t h e  NL and PNL 
d i s t r i b u t i o n s   t o  t h e  z e r o  dB r e f e r e n c e   l i n e .   S i n c e  t h e r e  i s  
l i t t l e  d i f f e r e n c e   i n  t h e  v a r i a b i l i t y   o f  t h e  d i s t r i b u t i o n s   o f  
t h e  th ree  c o r r e c t i o n   p r o c e d u r e s  ( t h e  s t a n d a r d   d e v i a t i o n s  
range   f rom  about  3.5 t o  5 . 0  d B ) ,  t h e r e  may be  some advantage  
i n  employing NL o r  PNL f o r  t h e  b e t t e r  a c c u r a c y   o f   p r e d i c t i o n  
which t h e y  p r o v i d e .  

T h i r d ,  t he  r e l a t i v e   e f f e c t s   o f  t h e  t r a n s f o r m a t i o n s   o n  
s i g n a l s  composed p r i m a r i l y  of  low frequency  energy  must  b e  

no ted .  The open   squa re   i n   each   o f  t h e  d i s t r i b u t i o n s  of 
F i g u r e  11 c o r r e s p o n d s   t o  t h e  mean n o i s i n e s s  of  t h e  s y n t h e t i c  
s i g n a l  TO. TO has t h e  s p e c t r u m   m o s t   h e a v i l y   w e i g h t e d   i n  
t h e  low f r e q u e n c y   r e g i o n s  of any of  t h e  impulses  t e s t e d .  
Its p o s i t i o n   i n  t h e  AL, NL, and PNL d i s t r i b u t i o n s  i s  con- 
s i s t e n t l y  f a r the r  from t h e  zero  dB r e f e r e n c e   l i n e   t h a n  any 
of t h e  o t h e r   s i g n a l s '   p o s i t i o n .  The p o s i t i o n   o f  TO i n  t h e  
u n c o r r e c t e d  (OASPL) d i s t r i b u t i o n   h o w e v e r ,  i s  i n t e r m e d i a t e .  
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One migh t   t he re fo re   conc lude  t h a t  w e i g h t i n g s   a s s o c i a t e d   w i t h  
AL, NL, and PNL are i n a d e q u a t e   i n  t h e  low f r e q u e n c y   r e g i o n s .  

Corliss and  Winzer   (Ref .15)   have   repor ted   f ind ings  
which c o r r o b o r a t e  t h e  a p p a r e n t   u n d e r c o r r e c t i o n  of  low 
f r e q u e n c i e s  by  t h e  AL and NL c o n t o u r s .  They found b e t t e r  
agreement   be tween  overa l l   sound  pressure   measurement   and  
s u b j e c t i v e l y   j u d g e d  impact n o i s e   t h a n   b e t w e e n   s u b j e c t i v e  
judgments  and t h e  S tevens  o r  van Zwicker phon scales .  
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CONCLUSIONS 

The th ree  major   conc lus ions   which  may be drawn  from 
t h e  p r e s e n t  se r ies  of   exper iments  a re :  

V a r i a t i o n s   i n  t h e  phase s p e c t r a   o f   i m p u l s i v e  
s i g n a l s  of similar a m p l i t u d e   s p e c t r a   d o   n o t  
a f f e c t   s u b j e c t i v e   j u d g m e n t s  of p e r c e i v e d   n o i s -  
i n e s s .  Two s i g n a l s   o f   i d e n t i c a l   a m p l i t u d e  
s p e c t r a   b u t   d i f f e r e n t  phase s p e c t r a  may sound 
dissimilar,  b u t  t h e y  d o   n o t   v a r y   i n   j u d g e d  
n o i s i n e s s .  

The human ear a p p e a r s   t o   f u n c t i o n  as an   ene rgy  
d e t e c t o r   i n   e v a l u a t i n g  t h e  n o i s i n e s s  of impu l -  
s i v e   s i g n a l s .   S u p p o r t  f o r  t h i s  c o n c l u s i o n  was 
found i n  t h e  Dura t ion   exper iment  ( 3  dB per  dur-  
a t i o n   d o u b l i n g )   a n d   i n  the  R e p e t i t i o n   e x p e r i m e n t  
( 3  dB p e r  doub l ing  of s i g n a l   n u m b e r ) .  There 
was i n s u f f i c i e n t   e v i d e n c e   t o   s u b s t a n t i a t e  t h e  
e x i s t e n c e   o f  a s p e c i f i c   v a l u e   f o r  t h e  e a r ' s  time 
c o n s t a n t .  

A-weiqhted and N-weighted c o r r e c t i o n   c u r v e s   s h o u l d  
b e  a p p l i e d  w i t h  c a u t i o n  t o  i m p u l s i v e   s i g n a l s  i f  
t h e  power s p e c t r a  of  t h e  s i g n a l s   c o n t 8 i n   a p p r e c i a b l e  
low f requency   energy  (as f o r  example,  sonic   booms) .  
Both t h e  A-level  and N-level c o n t o u r s   a p p e a r   t o  
have t o o  grea t  a s l o p e   i n  t h e  low f r e q u e n c y   r e g i o n s .  
A d d i t i o n a l   r e s e a r c h  i s  n e c e s s a r y   t o   d e t e r m i n e  
whether t h e  A and/or  N s c a l e s  a re  d i r e c t l y  a p p l i -  
c a b l e  t o  impulse  measurement.  
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APPENDIX A 

PEST PROCEDURES EMPLOYED 

FOR THE JUDGMENT TESTS 



PEST PROCEDURE EMPLOYED FOR SUBJECTIVE JUDGMENT TESTS 

P a r a m e t e r   E s t i m a t i o n  by S e q u e n t i a l   T e s t i n g  (PEST) i s  
a coEpu te r   bas sd   adap t ive   p sychophys ica i  proced.u.re  which 
a d m i n i s t e r s   a n  i terat ive form of t h e   s t a n d a r d   p a i r e d  corn- 
p a r i s o n   t a s k  to  human o b s e r v e r s .  PEST i s  called a n   a d a p t i v e  
p rocedure   because  the sequence of s i g n a l s   h e a r d  by en   obser -  
v e r  i s  n o t  f ixed i n   a d v a n c e ,   b u t   r a t h e r  i s  determined  by 
h i s  oncxoing r e sponses .  PEST t h u s   p r e s e r v e s  many of t h e  
advantages  of the pa i r ed   compar i son  vethod whi le   qa- in ing  
the speed   and   conven ience   o f   an   ad jus tven t  method. 

BBN's implementa t ion  of t h e  PEST i s  based   on   an   i n t e r -  
a c t i v e   t e l e t y p e   c o n v e r s a t i o n   b e t w e e n  t h e  exper imenter   and  
the  computer-based  system. The systerr: a c q u i r e s   i n f o r m a t i o n  
needed for  conduct  of an  experiment  hy i n q u i r i n g  of t h e  
e x p e r i m e n t e r   t h e   v a l u e s  of a series of pa rame te r s  which 
d e t e r m i n e   t h e   c o u r s e  of t h e  PEST p r o c e d u r e .   I n i t i a l l y ,  t h e  
c o m p u t e r   r e q u e s t s   i d . e n t i f i c a t i o n  of the observer, t h e  siq- 
nals  employed,  and t h e  e x p e r i m e n t a l  session. The n e x t  
q u e s t i o n s  posed by the computer  concern t h e  r e l a t i v e   l e v e l s  
a t  which  sicJnals are p r e s e n t e d  t o  t h e  obse rve r   on   subsequen t  
t r i a l s .  

The  expe r imen te r  r a y  t h e n   s p e c i f y  a s t a n c ? a r d   o p e r a t i n ?  
p r o c e d u r e   c o n s i s t i n g  of p rede te rm. ined   va lues  o f  a dozen  para-  
meters such. as t h e  i n t e r s i q n . a l   i n t e r v a l ,   i n t e r t r i a l   i n t e r v a l ,  
i n i t i a l   s t e p   s i z e ,  maximum s t e p   s i z e ,  degree of confid-ence 
i n   t h e   o b s e r v e r ' s   r e s p o n s e s ,   a n t i c i p a t e d   d i r e c t i o n  of f irst  
s t e p ,   a n d   r e g i o n  of i n t e r e s t  of the psychomet r i c   func t ion .  

A f i n a l   q u e s t i o n   s e r v e s  t o  d e l a y  onset of a t r ia l  series 
u n t i l   t h e   e x p e r i m e n t e r   a n a   o b s e r v e r  are ready  t o  p r w e d k .  
U p o n  r e c e i v i n g   a n   a f f i r m a t i v e   r e s p o n s e  t o  t h e  q u e s t i o n  
P'REA.DY71i, t h e  c o n p u t e r   t y p e s  a. data head ing  and awaits f i n a l  
c o n f i r m a t i o n   i n   t h e   f o r n  of "STAPT" switch depres s ion   by  am 
o b s e r v e r   i n   a n   a d j a c e n t   a n e c h o i c   c h a m b e r .  

The t r i a l  p rocedure  i s  a two i n t e r v a l   f o r c e d  choice,. i n  
which   one   s igna l  ( t h e  s t a n d a r d )  i s  i n v a r i a n t  over t r ia ls ,  
w h i l e   t h e  other s i g n a l   ( t h e   c o m p a r i s o n )  may ch.ange i n   l e v e l .  
Approximately  one second af ter  START switch c l o s u r e ,  t h e  
computer   p resents  a pair o f   s i g n a l s  and. waits €or the ohser- 
v e r  t o  d e c i d e   o n   h i s   p r e f e r e n c e   f o r  the s i g n a l  of t h e  first 
or s e c o n d   i n t e r v a l .  Upon r e c e i p t  of t h e  o b s e r v e r ' s   r e s p o n s e ,  
t h e   c o m p u t e r   c a l c u l a t e s  t h e  level a t  which the   compar ison  
s i g n a l  will B e  p r e s e n t e d  on the n e x t  t r i a l .  A f t e r  a n o t h e r  
pause  of a p p r o x i m a t e l y   o n e   s e c o n d ,   t h e   c o m p u t e r   i n i t i a t e s  
t h e  n e x t  t r i a l  by p r e s e n t i n g  a modi f ied  s igna l  p a i r .  
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PEST d e t e r m i n e s  t h e  i n c r e m e n t   i n   c o r . r a r i s o n  sicpal level 
as follok.% ( R e f  .16) 

1. 

2 .  

3 .  

4 .  

The 

On e v e r y  reversal of s t e p   d i r e c t i o n ,   h a l v e  t h e  
s t e p   s i z e .  

The s e c o n d   s t e p   i n  a. g i v e n   d i r e c t i o n ,   i f  called 
for ,  i s  t h e  sa.me s i z e  as t h e  first.  

Whether a t h i r d   s u c c e s s i v e   s t e p   i n  a g i v e n  d i r -  
e c t i o n  i s  t h e  same as or doub le  t h e  second  depend.s 
on   t he   s equence  of steps l e a d i n g  t o  t h e  most recent 
reversal. If t h e  s t e p   i r - m e 6 i a t e l y   p r e c e d i n q  t h a t  
reversal r e s u l t e d  from a. doub l ing ,   t hen  t h e  t h i r d  
s t e p  i s  not  doubled.;  whi le  i f  t h e  s t e p   l e a d i n q  t o  
the most r e c e n t   r e v e r s a l  was n o t  t h e  r e s u l t  of a 
d o u h l i n g ,   t h e n  t h i s  t h i r d  s t e p  i s  douhle  t h e  second. 

The f o u r t h .   a n d   s u b s e q u e n t   s t e p s   i n  a g i v e n   d i r e c t i o n  
are each doub le  t h e i r  p r e d e c e s s o r   ( e x c e p t  t h a t  l a r g e  
s t e p s  r;:ay be d i s t u r b i n g  t o  a human o b s e r v e r  and an 
upper  limit on permissible step s i z e  of 1 6  de i s  
ma in ta ined )  . 

: sys t em  p rov ides   i n fo rma t ion   ahou t  the progress of 
each r u n   i n  t h e  form. of "UP" and "DOVITN'' l i g h t s  ( s i T n i f y i n q  
t h e  d - i r e c t i o n  of chanqe of compar i son   s igna l  level on t h e  
c u r r e n t  t r i a l ) ,  and also i n  two d i g i t a l  c o u n t e r s  which cum- 
u l a t e  numbers of tr ials and of d e c i s i o n   r e v e r s a l s .  

A r u n ,  composed o f  a v a r i a h l e   n u v h e r  o f  t r ia ls ,  i s  
t e r m i n a t e d  when the systen!   d .e termines t h a t  s u f f i c i e n t   i n f o r -  
mat ion  has been  collected. The g e n e r a l   s t o p p i n g  c r i t e r ion  
for a r u n  i s  sa t i s f i ed  v7hen t h e  a n t i c i p a t e d   s t e p   s i z e  i s  1 dE. 
When a r u n  terminates, t h e  c o m p u t e r   p r i n t s  t h e  number of t h e  
r u n ,  t h e  level of t h e  comparison s i q n a l  on t h e  l a s t  t r ial  of 
t h e  r u n ,  the nunher of t r ia ls  i n  t h e  run   and  t h e  mean res- 
ponse   l a tency .   Throughout  a l l  t e s t i n v ,  t h e  program was set 
t o  d e t e r m i n e  t h e  p o i n t  of s u b j e c t i v e   e q u a l i t y ,  or t h e  l e v e l  
at which observers judge6 t h e  s tandard  and  comparison s igna l s  
e q u a l l y   n o i s y .  

Five c o n s e c u t i v e  PEST r u n s  were adIr i inis tere6 f o r  each  
p a i r  of sigmls. E%perimental  sessions lasted 30 m i n u t e s ,  
an6 were followed by f ive  minute   enir 'orced rest p e r i o d s  i n  
which o b s e r v e r s  l e f t  t h e  anecho ic  chamber. The r a . t e  of pay 
for  Study I1 was $ 2 . 5 0  p e r   h o u r .   I n  t h e  remainder  of t h e  
s t u d i e s ,  t h e  pay rate was cont ingent   upon t h e  o k s e r v e r s '  
per formance ,  as may be seen  from t h e  "Revised Pay Procedure"  
i n s t r u c t   i o n s   i n  F-]=penclix B. 
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INSTRUCTIONS 

The purpose  of t h i s  test i s  t o  g a t h e r   i n f o r m a t i o n  
abou t  the relative n o i s i n e s s  of v a r i o u s   s o u n d s .  The test  
is par t  of a program of r e s e a r c h   d e s i g n e d  t o  o b t a i n   i n f o r -  
m a t i o n   t h a t  w i l l  be o f  a id  i n  the p l a n n i n g   o f   a i r p o r t s ,  
a i r p l a n e s ,   a n d   f o r   n o i s e   c o n t r o l   p u r p o s e s   i n   g e n e r a l .  

The computer will p r e s e n t  a series o f  pairs  of sounds.  
A f t e r  each p a i r  of sounds is p r e s e n t e d ,   y o u r   t a s k  i s  to  
decide which of t h e  t w o  sounds,  the first o r  t h e  second,  
i s  the more no i sy .   Rega rd le s s  of how you have p r e v i o u s l y  
d e f i n e d   n o i s y ,  by n o i s y ,  w e  mean t h a t   s o u n d  which i s  t h e  
more a n n o y i n g ,   u n a c c e p t a b l e ,   o b j e c t i o n a b l e   a n d   d i s t u r b i n g  
i f  heard i n   y o u r  home d u r i n g   t h e   d a y   a n d   n i g h t .  P i c k  t h a t  
sound which you  would less l i k e  t o  have i n   y o u r  home, even 
though  you might n o t   w a n t  either of them. 

- 

The computer varies t h e   c h a r a c t e r i s t i c s   o f  t h e  t w o  
s o u n d s   i n  each p a i r   o n   e a c h  t r i a l .  I f  you   t h ink  t h e  f i r s t  
sound of  a p a i r  i s  t h e  more n o i s y ,   p u s h   b u t t o n  1 on t h e  
metal r e sponse  box. I f  you   th ink   the   second  sound i s  t h e  
more n o i s y ,   p r e s s  t h e  b u t t o n  labeled 2. It  i s  i m p o r t a n t  
t h a t  you   j udge   each   pa i r   o f   sounds   on  i t s  own merits r ega rd -  
less cf any similarities o r  d i f f e r e n c e s   y o u  may h e a r  among 
s u c c e s s i v e   p a i r s  of sounds.  There are n o   r i g h t  o r  wrong 
answers .  We a r e   i n t e r e s t e d   o n l y   i n  how n o i s y  or unnaccept- 
able the   sounds  seem t o  you. 

The r e s p o n s e   b u t t o n s  w i l l  l i g h t  up when t h e  computer 
has   been   i n fo rmed   o f   your   dec i s ion .  The  computer w i l l  wait 
f o r  you to  reach a d e c i s i o n   a b o u t   e a c h   p a i r   o f   s o u n d s  before 
it will p r e s e n t  t h e  n e x t   p a i r   o f   s o u n d s .   T h e r e f o r e ,   y o u  
c o n t r o l  the pace   o f  the e x p e r i m e n t   d i r e c t l y .  The more q u i c k l y  
you decide which sound was more n o i s y  t h e  more q u i c k l y  t h e  
expe r imen t  w i l l  end. Nost p e o p l e   f i n d  t h a t  they   can  m a k e  
good d e c i s i o n s   w i t h i n  a second or  t w o  af ter  h e a r i n g  t h e  see- 
ond  sound  of a p a i r .  

The START b u t t o n  commands t h e  computer t o  p r e s e n t   t h e  
f i r s t   p a i r  of sounds.  I will t e l l  you when t o  push START. 
If you  push  the STOP bu t ton   t he   compute r  will i n t e r r u p t  
the test series. There   should  be n o   o r d i n a r y   r e a s o n   f o r  
pushing  t h e  STOP b u t t o n   d u r i n g  a series of trials. If you 
do have a r e a s o n   f o r   p u s h i n g  STOP, p l e a s e  t e l l  m e  b e f o r e  
pushing  START a g a i n .  I w i l l  t e l l  you when a series of 
trials has ended. 
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In  summary,  select  the  sound (the first  or  the  second) 
which you feel is the  more  noisy,  unacceptable,  or  disturb- 
ing. Remenber  to  listen  carefully  to  each  pair of sounds, 
and  to  base  your  decision  solely  upon  the  current  pair.  If 
you  have any questions,  please  feel  free  to  discuss  them 
with me at the end of a  test  series. 

ABOUT THE EXPERIMENT 

The  exper5ments  in  which  you  are  participating  were 
designed  to  be  administered  by  a  computer. A PDP-8 digital 
computer  in a room down the  hall will he presenting  a 
series  of  sounds  which  you  will  listen  to  in  the  anechoic 
chamber. The  machine  will  control  the  presentation of the 
sounds;  it  will  also  record  your  responses  and  monitor 
your  behavior  in  the  experiment.  For  this reasons  it  is 
important  that  you  follow  the  detailed  instructions  care- 
fully,  since  the  machine  will  interrupt  the  progress of 
the  experiment  if  your  responses  seem  inconsistent. 

You will  be able to  communicate  with  the  machine  by 
pushing  one of the  buttons on a response  box  in  the  anechoic 
chamber. The  machine  will  store  the  information  you  provide 
and  then  process  the  information  in  a  manner  specified  by  a 
program  which we have  written for  it.  -Among  other  things, 
the  machine  will  measure  the amomt of  time  it  takes  for you 
to  reach a decision,  your  choices  on  each  trial,  the  number 
of  times  you  push  each of the  response  buttons  and so forth. 

Of course,  the  experimenter  will always be  at  hand to 
answer  any  questions  that you might  have  and  to  take  care 
of any  problems  that  may  arise. 
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RENISED PAY SCHEDULE 

A new pay  schedule  has  been  established. The rate 
of  pay,  previously a flat $ 2 . 5 0  per  hour,  has  been  revised 
to encourage  and  reward  alert  performance. The hourly  pay 
rate  will  henceforth  be  related to the  number of runs  which 
the  observer  completes in each  hour,  according  to  the  sche- 
dule  below. A run  is  completed  when  the  computer  lights 
the  stop  button. 

NUMEER OF COMPLETED RUNS 

18 or fewer 
20 
23 
27 
32 
40 
5 0  or  more 

PAY RATE PER HOUR 

$1.75 
1.90 
2.00 
2.25 
2.50 
3 .OO 
3.50 

The  calculations  for  the  new  rates  are  based  on  two 
five  minute  breaks  per  hour  for  the  observer  and  ten  minutes 
of  preparation  time  for  the  corcputer  operator. The computer 
will  keep  track  of  the  number of completed  runs  and  print 
the  total at the  end of each  experimental  session. 

The  number of runs  which  an  observer  completes  in  an 
hour  depends  upon  several  factors,  notably: 

1. The consistency  of  his  decisions 
2. The amount of time  required to reach  each  decision 
3 .  The amount of "dead  time"  the  observer  introduces 

by  pushing  the  stop  button,  responding too quickly, 
etc. 

In  general, an observer  can  make  his  most  consistent 
judgments  about the relative  annoyance  of  two  sounds  by 
consciously  concentrating  his  attention on the  signals  and 
preventing  his  mind  from  wandering.  Haphazard  decisions 
prolong  the  duration  of  each run, since  the  computer  is 
forced  to  acquire  more  information  about  the  inconsistencies 
in the  observer's  decisions. 

Paying  careful  attention  to  the  pairs  of  sounds  will 
permit  the  observer  to  make  the  greatest  amount  of  money 
in  the  least  amount of time. The  decision  times  and  trial 
lengths  will  take  care of themselves. The computer  is 
programmed to administer  experimental  conditions  as  quickly 
and  efficiently  as  the  observer  will  permit. 
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APPENDIX C 

EQUIPMENT FOR JUDGMENT TESTS 





F i g u r e  c-2. The s i g n a l s  were p r e s e n t e d   i n  the  anecho ic  
chamber and recorded on magne t i c   t ape  for  f u r t h e r   a n a l y s e s .  
The microphone  during t h e  record inc j  was located i n  the  pos- 
i t i o n  of t h e  o b s e r v e r ' s  ear d u r i n g  a s t a n d a r d  t es t  run .  
The recorded s i g n a l s  vere a n a l y z e d   u s i n g  "N" and "A" 
w e i g h t i n g   n e t w o r k s   i n   c o n j u n c t i o n  wi th  a t r u e  RMS v o l t  meter. 
Because of t h e i r  impulsive n a t u r e ,  sone of t h e  sounds were 
repeated i n  conca tena ted   fo rm  to   measu re  steady state rather 
t h a n   i m p u l s i v e   s i g n a l s .  Detailed a n a l y s e s ,   i n c l u d i n g   n a r -  
r o w  band and 1/3 octave   hand  measures, were under t aken  by 
a Fast  F o u r i e r   t r a n s f o r m   p r o g r a m   i n  our Camhridge office. 
P e r c e i v e d   n o i s e  levels were c a l c u l a t e d  f r o m  t h e  1/3 o c t a v e  
band  va lues .  
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APPENDIX D 

PrlEASUREMENT PROCEDURES 



SIGNAL GENERATION AND “€3ASUREMENT PROCEDURES 

A s  d i s c u s s e d   i n  the Purpose  and Method S e c t i o n ,  t h e  
Phase E x p e r i m e n t   r e q u i r e d   g e n e r a t i o n   o f   r e p l i c a s  of s e v e r a l  
p r o t o t y p e  signals, each   having  t h e  same  magnitude  spectrum 
but w i d e l y   d i f f e r e n t  phase s p e c t r a .   S e v e r a l  d i g i t a l  methods 
of a c h i e v i n g  t h e  phase d i s t o r t i o n   o f  t h e  p r o t o t y p e   s i g n a l  
w i t h o u t   a l t e r a t i o n   o f  i t s  s p e c t r a l   m a g n i t u d e  were attempted. 

Firs t ,  we s y n t h e s i z e d  all-pass networks ( w i t h  symmetr i -  
c a l l y   l o c a t e d  pairs  of p o l e s   a n d   z e r o e s )   a n d   f i l t e r e d   o u r  
p ro to type   s igna l s   t h rough   t hem.  T h i s  p r o d ~ z c e d   r e p l i c a s  of 
i d e n t i c a l   m a g n i t u d e   s p e c t r a .   U n f o r t u n a t e l y ,  t h e  degree of 
phase c o h e r e n c e   i n  t h e  networks was too h igh ,  s o  t ha t  t he  
p h a s e   d i s t o r t i o n   a c c o m p l i s h e d  was i n s u f f i c i e n t .   I n   o t h e r  
words, t h e  r e p l i c a s   w e r e  too much l i k e  t h e  p r o t o t y p e s .  

N e x t ,  we t r l ed  inco rpora t ing   more  phase i n c o h e r e n c e  
by i n c r e a s i n g  t h e  number of po le s   and   ze roes ,   u s ing  a 
method f i rs t  proposed  by  Huffman. I n  s p i t e  of  improvement 
i n  t he  r e s u l t s ,  t h e  degree  of phase d i s t o r t i o n   o b t a i n e d  was 
s t i l l  c o n s i d e r e d   i n s u f f i c i e n t   a n d  the method was abandoned. 

The t h i r d  method  which we adop ted  made u s e  o f  t h e  i n v e r s e  
t r a n s f o r m   c a p a b i l i t i e s  of  t h e  a v a i l a b l e   F a s t   F o u r i e r   T r a n s -  
form  program. T h i s  method  consis ted  of   computing t h e  D i g i t a l  
Four i e r   T rans fo rm  o f  a p r o t o t y p e  signal, changing  t h e  phase 
o f  each s p e c t r a l  component  and  generating a r e p l i c a  by 
computing t h e  I n v e r s e  D i g i t a l  F o u r i e r   T r a n s f o r m .  More 
s p e c i f i c a l l y ,   g i v e n  a p r o t o t y p e   d i g i t a l   s i g n a l  o f  N samples 
(data p o i n t s ) ,  t he  method  consis ted o f :  

1) computat ion  of  t h e  N/2 complex  values  (magnitude  and 
p h a s e )   c o r r e s p o n d i n g   t o  t h e  D i g i t a l   F o u r i e r   T r a n s f o r m  of 
t h e  p r o t o t y p e ;  

2 )  gene ra t ion   and  a d d i t i o n  of a pseudo-random phase a n g l e  
t o   e a c h  of t h e  N/2 phase  a n g l e s  o f  t h e  pro to type ;   and  

3)  a p p l i c a t i o n  of t he  i n v e r s e  D ig i t a l  Four i e r   T rans fo rm 
a l g o r i t h m  t o  o b t a i n  a new waveform  having t h e  same s p e c t r a l  
magni tude   bu t  a r a d i c a l l y   d i f f e r e n t   a n d  t o t a l l y  i n c o h e r e n t  
phase   spec t rum.  

The results o b t a i n e d  w i t h  t h i s  method  were  considered sat is-  
f a c t o r y .  
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The number of   samples ,  N ,  was de termined  b y  t h e  experi-  
m e n t a l   c o n d i t i o n s  t h a t ,  on t h e  o n e   h a n d   r e q u i r e d   s i g n a l s  of 
abou t  20 mi l l i s econds   du ra t ion ,   and   on  t h e  o ther   hand   involved  
sound  reproduct ion  equipment  t h a t  l i m i t e d  t h e  h igh   f r equency  
r e s p o n s e   t o   a b o u t  1 0  kHz. Consequent ly ,  w i t h  a Nyquist  
sampl ing   f requency   of  20,000 samples   per   second,  N had t o  be  
about  400. Given t h e  r equ i r emen t s  of t h e  F a s t   F o u r i e r   T r a n s -  
form  program, the  number f i n a l l y   a d o p t e d  was 512. 

The b a s i c   p l a n  was fo l lowed  th roughout  t h e  s t u d y ,   b u t  
s e v e r a l   m o d i f i c a t i o n s  were n e c e s s i t a t e d .  The most   important  
one  arose  f rom a d i f f e r e n c e   b e t w e e n  t h e  a c t u a l   p l a y b a c k  
c o n d i t i o n s  of the  s i g n a l s   a n d  t h e  one  assumed  by t h e  method 
o f   c a l c u l a t i n g  t h e  s p e c t r a .  The D i g i t a l   F o u r i e r   T r a n s f o r m  
a l g o r i t h m   a c t u a l l y   c o m p u t e s  t h e  s p e c t r u m   c o r r e s p o n d i n g   t o  
a pe r iod ic ,wavefo rm  ob ta ined  by c o n c a t e n a t i n g   ( a d j o i n i n g  
end t o  end  and ad  i n f i n i t u m ) ,  t h e  ba.sic N-sample  wave- 
form. The ac tua l   p l ayback   cond i t ions ,   however ,   imp ly  w i d e l y  
spaced   occu r rences   o f   t he   wave fo rm  in  t ime.  The consequences 
o f  t h i s  tempora l  d i s p a r i t y  a r e   i m p o r t a n t  f o r  our   purposes  
f o r  t he  r easons   d i scussed   be low.  

F i g u r e  D - 1  ( a )   r e p r e s e n t s   o n e   o f   o u r  r e a l  impuls ive  wave- 
forms (TO)  and i t s  s p e c t r u m   i n   a c t u a l   p l a y b a c k   c o n d i t i o n s ,  
t h a t  i s ,  i s o l a t e d   i n  t ime.  C a l c u l a t i n g  t h e  spectrum by means 
of  D i g i t a l  Four i e r   T rans fo rm  t echn iqu .e s   imp l i e s   ex t r ac t ion  
of  samples  from t h e  waveform a t  a r a t e  e q u a l  t o  or g r e a t e r  
t h a n   t w i c e  t h e  maximum f r e q u e n c y   p r e s e n t   i n  t h e  s i g n a l .  If 
we e x t r a c t  samples from t h e  s i g n a l   o n l y   d u r i n g  t h e  epoch   for  
which i t  d i f f e r s  s i g n i f i c a n t l y   f r o m   z e r o ,   ( i n t e r v a l  0 ,  T 
i n  F i g .  D - 1  [a])  w e  have t h e  c a s e   d e p i c t e d   i n   F i g .  D-1 ( b ) .  
Here t h e  c a l c u l a t e d   s p e c t r u m   F A ( w )   c o n s i s t s  o r  N/2 sampled 
va lues ,   where  N i s  t h e  number of samples e x t s a c t e d  from t h e  
waveform . 

The separa t ion   be tween  spec t rum  samples  i s  2WP/IAX, where 
WMAX i s  t h e  maximum a n g u l a r   f r e q u e n c y   c o n t a i n e d   i n   t h e   s i g -  
n a l .   S i n c e  no new i n f o r m a t i o n  i s  added t o  t h e  waveform by 
add ing  t o  i t  a "guard  zone"  of  0-valued samples (or b y  
adding  t o  a n   a c o u s t i c   s i g n a l  a "guard z o n e "   o f   s i l e n c e ) ,  
we d i d  no t   expec t  to see any  changes i n  t h e  s p e c t r u m   o t h e r  
t h a n  t h e  ones  due t o  t h e  i n c r e a s e d   r e s o l u t i o n .  If t h e  p r o p e r  
p r e c a u t i o n s  are adopted,  namely,  i f  t h e  a d d i t i o n   o f  t h e  "guard 
zone" i s  e f f e c t e d   w i t h o u t   i n t r o d u c i n g   s p u r i o u s  h i g h  frequency 
components, t h i s  i s  indeed  what i s  observed .   But   inadver tamt  
p r o l o n g a t i o n  w i t h  0 ' s  of a waveform t h a t  does   no t  s t a r t  
(and  end)   on a 0-value may i n d e e d   i n t r o d u c e  t h i s  h i g h  frequency 
d i s t o r t i o n .  A l l  waveforms  having  zero  d .c .   value  can be  made 
t o  s t a r t  on z e r o   v a l u e  by   s imply   i n t roduc ing  a time d e l a y  
e q u a l  t o  t h e  d i s t a n c e   t o  t h e i r  f i r s t  z e r o - c r o s s i n g .   I n   o t h e r  
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words,  the d i s c o n t i n u i t y   c a n  be e l i m i n a t e d  a t  t h e  c o s t   o f  
a n   a d d i t i o n a l   l i n e a r   c h a n g e   o f  t h e  p h a s e   s p e c t r u m .   I n   F i g .  
D - 1  ( c )  we h a v e   r e p r e s e n t e d  what happens a f t e r  one  such care- 
f u l   p r o l o n g a t i o n ;   n a m e l y ,   i n c r e a s e d   s p e c t r a l   r e s o l u t i o n  
w i t h o u t   s p e c t r a l   d i s t o r t i o n .  

It must b e  n o t i c e d  t ha t  measu res   o f   no i se - l eve l s  
g e n e r a l l y   o p e r a t e   o n   a v e r a g e   s p e c t r a l   p o w e r   w i t h i n   b a n d s  
d e f i n e d   i n  a l o g a r i t h m i c   f r e q u e n c y   s c a l e ,   f o r   e x a m p l e ,  1/3 
o c t a v e   b a n d s .   I n   s u c h   c a s e s ,   i n c r e a s e d   r e s o l u t i o n  may 
i n t r o d u c e   c h a n g e s   i n  t h e  r e s u l t s  tha t  a p p e a r   s u r p r i s i n g  a t  
f i r s t  s i g h t .  If t h e  f r e q u e n c y   r e s o l u t i o n   o f  2wMAX/N i s  
about  t h e  same as t h e  w i d t h  of  t h e  lower l / 3  oc tave   bands ,  
energy may or may n o t  b e  passed through  such  a f i l t e r ,  as 
i n   F i g .  D - 1  ( b )  a n d   ( c )   I n   o t h e r   w o r d s ,  2wMAX/N may be 
s u f f i c i e n t l y   g r e a t  a t  low f r e q u e n c i e s  t h a t  errors i n  
energy  measurements may occur  as a f u n c t i o n  of  t h e  band- 
w i d t h  of t he  measu remen t   p rocedure .   Thus ,   d i f f e rences   i n  low 
frequency  measurements among s i g n a l s   o f   v e r y  sirnilar s p e c t r a  
may b e  observed s i m p l y  because  t h e i r  spec t ra  are no t  as 
c l o s e l y   d e f i n e d   i n  t h e  low f r e q u e n c y   r e g i o n  as elsewhere. 
I n  t h e  case of  t h e  s i g n a l s   g e n e r a t e d   f o r  t h e  c u r r e n t   s t u d y ,  
i n d i v i d u a l   s p e c t r a l   c o m p o n e n t s  were spaced   approximate ly  40 
c y c l e s  apa r t .  S i n c e  l/3 octave  bands a t  low f r e q u e n c i e s  may 
be  as narrow as 10  o r  20 c y c l e s ,   c a l c u l a t i o n s   ( s u c h  as PNdB) 
performed  on t h e  basis of l/3 o c t a v e   a n a l y s e s   c o u l d  b e  
a p p r e c i a b l y  b iased  by t h e  Dresence o r  absence   o f  a s i n g l e  
s p e c t r a l  component. 

Measurement  Procedures 

Af te r  playback  through t h e  exper imenta l   sound  reproducing  
s y s t e m ,   s i g n a l s  were recorded   on   magnet ic  tape and made a v a i l -  
able  f o r  d i g i t a l   a n a l y s i s   a n d   m e a s u r e m e n t .  

I n   o r d e r   t o   i n t e r p r e t  t h e  numbers   obtained by  d i g i t a l  
s i g n a l   p r o c e s s i n g ,   s i g n a l   c a l i b r a t i o n   a n d  t h e  b a s i c   r e l a t i o n  
be tween   ana log   vo l t ages   and   d ig i t a l   va lues   mus t  be e x p l a i n e d .  
When t h e  t a p e s  were p l a y e d   b a c k   i n t o  t h e  computer,  t h e  p l ay -  
b a c k   g a i n  was a d j u s t e d  s o  t h a t  a 1 2 4  dB c a l i b r a t i o n   t o n e  
( w i t h  a n   a t t e n u a t o r  s e t  a t  100 dB) r e s u l t e d   i n  a s i n u s o i d a l  
s i g n a l   o f   a m p l i t u d e  1 0  v o l t s .  T h i s  v o l t a g e   c o r r e s p o n d s  t o  
t h e  maximum ampl i tude  t h a t  t h e  A/D c o n v e r t e r   c a n   d i g e s t ,  
a n d   r e s u l t s   i n  a conve r t ed   va lue  o f  2047 = 21l-1. The 
l e v e l   o f  1 0 0  dB was a r b i t r a r i l y   a s s i g n e d   t o  t h i s  v a l u e ,  s o  
that  i f  P i s  some number r e p r e s e n t i n g  the  power of a s i g n a l ,  
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i t s  r e l a t i v e  dB l e v e l  w i l l  be g i v e n  by 

dB = 10 l og  P -I- C 

where C i s  such t ha t  

100 = 20 log  2047 + C. C = 33.8 

The s i g n a l s  were d i g i t i z e d  a t  a sampling rate of 20,000 
samples p e r   s e c o n d ,   e q u i v a l e n t  t o  a sampling i n t e r v a l  of 
50 microseconds .   S ince  t h e  s i g n a l s   h a v e  a nominal d u r a t i o n  
of 20 msecs and 4096 samples were t a k e n ,  there  i s  roughly  
a 1O:l r a t i o   s a m p l i n g   a p e r t u r e   a n d   s i g n a l   d u r a t i o n .  

The measures   ob ta ined  were: 

a )  S i g n a l  power l e v e l  

b )  A-scale   value 

c >  N-scale va lue  

The s i g n a l  power l e v e l  (SPL)  i s  t h e  dB l e v e l  of t h e  ave rage  
of t h e  sum of t h e  s q u a r e s  of t h e  s i g n a l  values, t h a t  i s  

SPL = 10 log 
n = l  

where t h e  f ( n T )  are  t h e  sampled va lues .  

The A-sca le   va lue  = 1 0  log  1 2:48 ”(& 1s A ( 
n 

\ n = 1  

whe”e F( 409611 n ) i s  %he magnitude o f  the n t h   v a l u e  ofnthe 
d i s c r e t e   F o u r i e r   t r a n s f o r m  of f(nT) and S A  (-- ) i s  t h e  
value of  t h e  “ A ”  f requency  response i n t e r p o l a t e d  4096Tfrom t h e  
pub l i shed   3 rd -oc tave   va lues .  

43 



15 

'0, 10 
-0 
(I 

S 
0 
vl 
c 

- 
c e -5 
9 
0 

-10 L 
0 1 2 3 

Phase  Rep1 ica 
4 

F I G U R E  1 .  RESULTS OF P H A S E   E X P E R I M E N T  I N  T E R M S  OF O V E R A L L  
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FIGURE 2 .  RESULTS OF PHASE  EXPERIMENT I N  T E R M S  OF O V E R A L L  
S O U N D  PRESSURE LEVEL 
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